We use the multiconfiguration Dirac-Hartree-Fock (MCDHF) method combined with the relativistic configuration interaction (RCI) approach (GRASP2K) to provide a consistent set of transition energies and radiative transition data for the lower n = 3 states in all Cl-like ions of astrophysical importance, from Cr VIII to Zn XIV. We also provide excitation energies calculated for Fe X using the many-body perturbation theory (MBPT, implemented within FAC). The comparison of the present MCDHF results with MBPT and with the available experimental energies indicates that the theoretical excitation energies are highly accurate, with uncertainties of only a few hundred cm −1 . Detailed comparisons for Fe X and Ni XII highlight discrepancies in the experimental energies found in the literature. Several new identifications are proposed.
INTRODUCTION
Cl-like ions produce several strong transitions that have been widely used in astrophysics for a range of diagnostic applications, to e.g. measure electron temperatures, densities, chemical composition and even strong magnetic fields (Del Zanna et al. 2012) . For a review of some of the applications, see Del Zanna & Mason (2018) . Providing accurate atomic data for these ions is of paramount importance.
Using the multiconfiguration Dirac-Hartree-Fock (MCDHF) and the relativistic configuration interaction (RCI) methods (Froese Fischer et al. 2016; Grant 2007) , we provide here a consistent set of transition energies and radiative transition data with high accuracy in all Cl-like ions of astrophysical importance, from Cr VIII (Z = 24) to Zn XIV (Z = 30). Energy levels, wavelengths, oscillator strengths, line strengths, transition rates, and lifetimes for the main n = 3 levels of the 3s 2 3p 5 , 3s3p 6 , 3s 2 3p 4 3d, 3s3p 5 3d, 3s 2 3p 3 3d 2 , 3s3p 4 3d 2 , and 3s3p 3 3d 3 configurations are provided.
To assess the accuracy of the MCDHF transition energies, we have also performed calculations and provided excitation energies for Fe X using the manybody perturbation theory (MBPT) (Lindgren 1974). This work extends and complements our long-term theoretical efforts (Wang et al In Section 2 we briefly describe the calculations, while in Section 3 we present comparisons between theoretical and experimental energies for the low-lying levels of the main ions. We discuss in some detail the energies of the two main ions, Fe X and Ni XII, revising some previous identifications. We then present our transition rates.
The MCDHF method in the GRASP2K code (Jönsson et al. 2013; Jönsson et al. 2007 ) and the MBPT method in the FAC code (Gu 2008 (Gu , 2007 are described by Froese Fischer et al. (2016) and by Lindgren (1974), respectively. These two methods are also introduced in our recent papers (Wang et al. 2018a,b) . For this reason, in the sections below, only the computational procedures are described.
MCDHF
In our MCDHF calculations, the multireference (MR) sets for even and odd parities include even: 3s3p 6 , 3s 2 3p 4 3d, 3s3p 4 3d 2 , 3p 6 3d, 3s 2 3p 2 3d 3 , 3p 4 3d 3 , 3s3p 2 3d 4 , 3s3p 5 4p, 3s 2 3p 4 4s;
odd: 3s 2 3p 5 , 3s3p 5 3d, 3s 2 3p 3 3d 2 , 3p 5 3d 2 , 3s3p 3 3d 3 , 3s 2 3p3d 4 , 3s 2 3p 4 4p, 3s3p 5 4s.
Initial MCDHF calculations for the MR sets for even and odd parities are performed to determine simultaneously all the orbitals 1s, 2s, 2p, 3s, 3p, 3d, 4s, and 4p of the MR sets. Then, by allowing single and double substitutions from the 3s, 3p, 3d, 4s, 4p electrons of the MR sets to orbitals with n ≤ 7, l ≤ 5, and single excitations of the 2s and 2p electrons to orbitals with n ≤ 6, l ≤ 5, configuration state function (CSF) expansions are obtained. We consider the 1s shell as inactive, keeping its two electrons in all CSFs of the expansions. In order to monitor and obtain the convergence of computed properties, the orbital set is increased systematically layer by layer. At each stage only the outer orbitals are optimized, while the inner ones are fixed. Both valence-valence (VV) electron correlation effects and core-valence (CV) electron correlation effects are required for obtaining accurate results, though VV electron correlation effects are more important. Among CV electron correlation effects arising from subshells 2s and 2p, those from 2p are the most important. We also checked that the contributions involving orbitals with principal quantum number n = 8 for VV electron correlation are negligible and that opening the 1s shell for CV electron correlation can be omitted.
Once the orbitals optimized, the QED corrections and Breit interaction are included in the RCI calculations. The numbers of CSFs in the final even and odd expansions, are, respectively, around 26 and 23 millions, for the two parities. We use the jj-LSJ transformation approach (Gaigalas et al. 2017; Gaigalas et al. 2004 ) to transform the jj-coupled CSFs into LSJ-coupled CSFs, and obtain the LSJ labels used by experimentalists.
MBPT
The MBPT method (Lindgren 1974) is implemented in the FAC code by Gu (2008 Gu ( , 2007 . This method was used in our recent papers (Wang et al. 2014 (Wang et al. , 2015 (Wang et al. , 2016a (Wang et al. ,b, 2017d (Wang et al. , 2018b to provide high accuracy atomic data for L-and M-shell ions. In the MBPT method, the Hilbert space of the full Hamiltonian is divided into two parts, i.e., a model space M and a orthogonal space N . We included in M all the CSFs of the MR set as defined above for the MCDHF calculations. All the possible CSFs generated by allowing single and double substitutions from the electrons of the MR sets are included in the N space. With the maximum l-value of 20, the maximum n-values considered for the single and double excitations are, respectively, 125 and 65. The configuration interaction effects in the model space M are considered non-perturbatively, i.e. are included in the self-consistent field calculations. The interaction effects between the two spaces M and N are considered through the second-order perturbation theory.
EVALUATION OF DATA

Energy Levels and Lifetimes
Given its importance, we focus first on Fe X. The energies of the 3s 2 3p 5 , 3s3p 6 Several structure calculations have been published over the years, and some comparisons are shown in Table 1 . In this Table, excitation energies for the lowest 197 states of the 3s 2 3p 5 , 3s3p 6 , 3s 2 3p 4 3d, 3s3p 5 3d, 3s 2 3p 3 3d 2 , and 3s3p 4 3d 2 configurations in Fe X from the present MCDHF and MBPT calculations are given. Observed energies from the NIST database and computed values from different sources are also included: CHIANTI, the MR-MP calculations by Ishikawa et al. (2010) , and the grasp calculations by Aggarwal & Keenan (2005) . We note that Ishikawa et al. (2010) and Aggarwal & Keenan (2005) provide results only for the lowest 90 states. The grasp calculations by Aggarwal & Keenan (2005) focus on the estimation of cross-sections for electron impact excitation for the lowest 90 levels of the 3s 2 3p 5 , 3s3p 6 , 3s 2 3p 4 3d, 3s3p 5 3d, and 3s 2 3p 3 3d 2 configurations, and restricted electron correlation effects to the n = 3 valence shells. In their calculations, valence-valence electron correlation effects among the levels of the 3s 2 3p 5 , 3s3p 6 , 3s 2 3p 4 3d, 3s3p 5 3d, 3p 6 3d, 3s3p 4 3d 2 , 3s 2 3p 3 3d 2 , and 3s 2 3p 2 3d 3 configurations are included. Because of this limitation, results from Aggarwal & Keenan (2005) are generally higher than our MCDHF values by one to several tens of thousand cm −1 . As can be seen in Table 1, good agreement is obtained between the MCDHF, MBPT and MR-MP calculations for the lowest 90 states.
For higher-lying levels (above #90, mostly for the 3s 2 3p 3 3d 2 levels) the only theoretical results available for comparison are the autostructure calculations by Del Zanna et al. (2012) . The latter focused on the estimation of cross-sections for electron impact excitation for the higher levels and were limited to the n = 4 configurations, restricting electron correlation to the valence shells. Because of this limitation, the autostructure excitation energies differ from our MCDHF results by −1 500 cm −1 -22 000 cm −1 for the higher-lying levels. On the other hand, good agreement is obtained among the present accurate MCDHF and MBPT calculations.
Based on our MCDHF and MBPT excitation energies, we confirm most of experimental values from the NIST ASD and the CHIANTI database, except for a few cases, which we now discuss. For the level #11/3s 2 3p 4 ( 3 P ) 3 P 3d 4 F 5/2 , our energy (426602 cm −1 ) is very close to the value suggested by Jupen et al. (1993) , 426707 cm −1 , allowing us to confirm their identification.
For the state #12/3s 2 3p 4 ( 1 D) 1 D 3d 2 P 3/2 , the NIST energy is clearly in error. Our energy, 427951 cm −1 , is very close to the experimental value suggested by Jupen et al. (1993) , 428002 cm −1 . We therefore confirm their identification.
For the level #16/3s 2 3p 4 ( 3 P ) 3 P 3d 4 P 3/2 , our MCDHF value is 439619 cm −1 , relatively close to the value suggested by Del Zanna et al. (2004) (438168 cm −1 ), but not to the value later proposed by Del Zanna et al. (2012) , and included in the CHIANTI database, version 9. Our value is not close to any experimental energies previously suggested. Jupen et al. (1993) suggested a value of 442439 cm −1 , definitely too far from our value. Considering the good agreement between our excitation energies and observed energies for the other 4 P levels, i.e., 3s 2 3p 4 ( 3 P ) 3 P 3d 4 P 1/2,5/2 , we believe that the observed energy should be close (within 200 cm −1 ) to our predicted one for the level #16/3s 2 3p 4 ( 3 P ) 3 P 3d 4 P 3/2 , and that the latest tentative identification in the CHI-ANTI database should be discarded.
Our energy for the level #19/3s 2 3p 4 ( 1 D) 1 D 3d 2 D 5/2 is in good agreement with the experimental value (444127 cm −1 ) suggested by Jupen et al. (1993) .
For the state #22/3s 2 3p 4 ( 3 P ) 3 P 3d 2 F 5/2 the NIST energy is clearly in error, while our energy supports the identification in CHIANTI, due to Del Zanna et al. (2004) . For the state #23/3s 2 3p 4 ( 1 D) 1 D 3d 2 F 5/2 , the experimental value in the CHIANTI database, suggested by Del Zanna et al. (2004) (and also Jupen et al. (1993) ), shows good agreement (∆E CHIANTI = -41 cm −1 ) with our MCDHF value, while the NIST values differs from our value by 5 388 cm −1 . Our energy for level #26/3s 2 3p 4 ( 1 S) 1 S 3d 2 D 5/2 (516334 cm −1 ) is very close to the value suggested by Jupen et al. (1993) , 516222 cm −1 . For the state #35/3s 2 S 3p 5 3 P 3d 4 F • 9/2 , the experimental value from the NIST database (based on a suggestion rather than a firm observation) shows good agreement (∆E NIST = −180 cm −1 ) with our MCDHF value, while the CHIANTI value, based on a tentative alternative suggestion, differs from our value by −5 052 cm −1 .
The above comparisons clearly demonstrate the importance of the present calculations to assess the correctness of level identifications.
With regard to the lifetimes in Fe X, our MCDHF values, τ l MCDHF in the length form and τ v MCDHF in the velocity form, show good agreement with an average deviation of 1.5 %. Large deviations with the values for the lower levels calculated by Del Zanna et al. (2012) are found. This is not surprising as those calculations were aimed at the n = 4 configurations.
After Fe X, the most important ion (considering its abundance in astrophysical plasma) is Ni XII. Compared to Fe X, the status of the experimental energies for this ion is very poor, as described in detail by a recent review of laboratory and astrophysical observations in Del Zanna & Badnell (2016) . In that paper, new scattering calculations were used to provide several tentative identifications for the unknown energy levels. Their autostructure excitation energies are generally relatively close (less than 1 000 cm −1 ) to our MCDHF values, but we revise here many of the suggested experimental energies, see Table 2 . As described in Del Zanna & Badnell (2016), the energies of many of the 3d levels are known only relative to the #5/3s 2 3p 4 ( 3 P ) 3 P 3d 4 D 7/2 metastable state. The identification provided by Del Zanna & Badnell (2016) (a decay to the ground state at 220.247Å) is close to the approximate value given by NIST, but is over 3 000 cm −1 higher than our MCDHF energy. Consid- 3s 2 3p 4 ( 3 P) 3 P 3d 2 P 1/2 3s 2 3p 4 ( 3 P) 3 P 3d 2 P 3/2 3s 2 3p 4 ( 3 P) 3 P 3d 2 F 7/2 Figure 1 . The differences (in cm −1 ) of the MCDHF and NIST excitation energies for the 3s 2 3p 4 ( 3 P ) 3 P 3d 2 P 1/2 , 3s 2 3p 4 ( 3 P ) 3 P 3d 2 P 3/2 and 3s 2 3p 4 ( 3 P ) 3 P 3d 2 F 7/2 levels as a function of Z. The data come from Table 3 .
ering the overall accuracy of our calculations, we suggest here an alternative identification. The decay of this level could indeed coincide with an Fe XIII transition at 221.822Å, providing an energy of 450812 cm −1 , only 129 cm −1 lower than our MCDHF value. This identification was not considered in Del Zanna & Badnell (2016) because the high-resolution solar spectrum of Behring et al. (1976) did not suggest any line blending. However, we have estimated the intensity of the Fe XIII transition relative to those of other nearby lines using the atomic data from Del Zanna & Storey (2012), and found that only about half the observed intensity is due to Fe XIII. The other half would be due to Ni XII. We still regard this as a tentative new identification, as the decay from the 4 D 5/2 level should be also observed. If the decay of the 4 D 7/2 is at 221.822Å, the decay from the 4 D 5/2 level should be at 222.35Å, but no line has been reported around this wavelength. Assuming that all these blends occur, we can infer the energies of several levels (#8, #10, #16, #20, #21, #24), shown in Table 2 . We can see that all the inferred energies are very close to our ab initio MCDHF values, thus giving us confidence in the new identifications.
We also tentatively assign the energy of level #11 ( 4 F 5/2 ) from a laboratory wavelength of 201.47Å, and that of level #17 ( 4 P 3/2 ) from a laboratory wavelength of 195.51Å. For the levels #19, #22, and #30 we confirm the identifications proposed by Del Zanna & Badnell (2016) . The identification of level #31, the 2 D 3/2 , has been troublesome, as described in a section of the Del Zanna & Badnell (2016) paper. On the basis of the high-resolution laboratory spectrum of Ryabtsev (1979) and the calculated intensities, Del Zanna & Badnell (2016) suggested that one of the two lines observed at 152.697 and 152.929Å should be the decay from the 2 D 3/2 level. The preference was given to the first one, as there is a line in the Behring et al. (1976) solar spectrum at 152.703Å, although too strong. Here we prefer the second option, as it gives an energy closer to our MCDHF value.
Finally, a summary of excitation energies (in cm −1 ) and radiative lifetimes (in s) for the lowest 187 (196, 197, 193, 192, 194, 194) states of the 3s 2 3p 5 , 3s3p 6 , 3s 2 3p 4 3d, 3s3p 5 3d, 3s 2 3p 3 3d 2 , 3s3p 4 3d 2 , and 3s3p 3 3d 3 configurations in Cr VIII (Mn IX, Fe X, Co XI, Ni XII, Cu XIII, Zn XIV) from the present MCDHF calculations are pro-vided in Table 3 . All the states lie under the first 3p 6 3d state. Observed values compiled in the NIST ASD are also included in Table 3 . The differences for observed values from the present MCDHF results are about 2 500 cm −1 -3 200 cm −1 in Ni XII and Cu XIII, and about 2 000 cm −1 -2 500 cm −1 in Zn XIV. Whereas good agreement is obtained for the same levels in lower-Z ions (Mn IX, Fe X, and Co XI). The differences (in cm −1 ) between the MCDHF and NIST excitation energies for the 3s 2 3p 4 ( 3 P ) 3 P 3d 2 P 1/2 , 3s 2 3p 4 ( 3 P ) 3 P 3d 2 P 3/2 and 3s 2 3p 4 ( 3 P ) 3 P 3d 2 F 7/2 levels, as a function of the nuclear charge Z are shown in Figure 1 as an example. For 3s 2 3p 4 ( 3 P ) 3 P 3d 2 P 1/2 and 3s 2 3p 4 ( 3 P ) 3 P 3d 2 P 3/2 four anomalies appear in Cu XIII and Zn XIV. Since in the present MCDHF calculations the same computational strategies are used for each ion, the accuracy of our calculated excitation energies should be consistent and systematic for the same level along the sequence. Therefore, the large differences indicate that several other identifications need to be revised.
Transition rates
Wavelengths λ ij , transition rates A ji , and branching
A jk ) involving all levels considered in the present MCDHF calculations, as reported in Table 3 , along with line strength S ji and weighted oscillator strengths gf ji , are provided in Table 4 . E1 and E2 transition data in both length (l) and velocity (v) forms are given. For E1 and E2 transitions, we provide (last column) the uncertainty estimations of line strengths S adopting the NIST ASD (Kramida et al. 2018) terminology (A + ≤ 2 %, A ≤ 3 %, B + ≤ 7 %, B ≤ 10 %, C + ≤ 18 %, C ≤ 25 %, D + ≤ 40 %, D ≤ 50 %, and E > 50 % ) and using the method proposed by Kramida (2014). For each E1 transition, the deviation δS of line strengths S l in the length form and S v in the velocity form is defined as δS = |S v − S l |/max(S v , S l ). In various ranges of S, the averaged uncertainties δS av of δS for E1 transitions in Fe X are assessed to 1.1 % for S ≥ 10 0 ; 1.3 % for 10 0 > S ≥ 10 −1 ; 2.2 % for 10 −1 > S ≥ 10 −2 ; 3.3 % for 10 −2 > S ≥ 10 −3 ; 7.3 % for 10 −3 > S ≥ 10 −4 , 14 % for 10 −4 > S ≥ 10 −5 , and 29 % for 10 −5 > S ≥ 10 −6 . Then, the largest of δS av and δS ij is considered to be the uncertainty of each particular transition.
In Table 4 Using the same classification method, the uncertainties of the line strength S for E2 transitions in Fe X, as well as those for E1 and E2 transitions in Cr VIII, Mn IX, Co XI, Ni XII, Cu XIII, and Zn XIV, are also listed in Table 4 .
Summary
The calculations of excitation energies, lifetimes, and radiative transition data for the n = 3 states of Cl-like ions from Cr VIII to Cu XIV were performed using the MCDHF/RCI methods. Our detailed discussion of the energies of Fe X and Ni XII have highlighted several discrepancies in the experimental energies in NIST and in the literature. The above comparisons clearly show the importance of the present ab initio calculations to assess the correctness of level and line identifications. Further studies are required to assess the identifications of the other ions, and further experimental work is encouraged to confirm our suggestions, especially for Ni XII. Table 1 continued Table 1 continued Table 1 continued Table 3 . Excitation energies (in cm −1 ) and radiative lifetimes (in s) for the lowest 187 (196, 197, 193, 192, 194, 194) 
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